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Abstract 

The  advantages  and  disadvantages  of  the  catalysts  so  far  employed  or  proposed  for  the  low  temperature  catalytic  combustion 
of  hydrocarbons,  in  both  static  and  mobile  energy  production  devices,  are  discussed.  Furthermore,  a  Lao.9Ceo.iCo03±3 
perovskite  has  been  prepared  by  a  recently  proposed  new  flame-hydrolysis  (FH)  method.  This  proved  a  high  surface  area, 
thermally  highly  resistant  catalyst.  The  partial  substitution  of  Ce  for  La  in  such  a  cobaltite  led  to  a  relatively  low  suprafacial 
activity,  but  to  a  high  bulk  oxygen  mobility,  leading  to  high  intrafacial  activity  for  the  catalytic  flameless  combustion  of 
methane.  The  best  operating  conditions  have  been  also  found,  for  supporting  the  so  prepared  active  phase,  by  dip-coating  of 
a  cordieritic  honeycomb  support,  after  deposition  of  an  alumina  primer.  A  very  active  and  durable  catalyst  was  so  obtained, 
useful  for  practical  application  in  the  environmentally  friendly  low  temperature  combustion  of  methane.  ©  2002  Elsevier 
Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  abatement  of  harmful  pollutants  such  as  CO, 
NO.,  and  unburned  hydrocarbons  in  combustion  ex¬ 
hausts  of  any  source  is  of  ever  growing  concern.  In 
particular,  it  is  well  known  that,  due  to  thermodynamic 
reasons,  the  catalytic  flameless  combustion  (CFC)  of 
hydrocarbons  (HC)  can  virtually  suppress  the  forma¬ 
tion  of  these  species,  being  carried  out  at  substan¬ 
tially  lower  temperature  (below  800  °C)  with  respect  to 
usual  combustion.  So  far,  the  catalysts  suggested  and 
employed  for  CFC  reactions  are  based  on  supported 
noble  metals.  However,  besides  being  expensive,  the 
latter  easily  sinterise  and  can  generate  even  more  toxic 
volatile  pollutants.  Among  the  possible  substitutes  for 
noble  metals,  perovskite-type  transition  metal  oxide 
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mixtures,  when  properly  prepared,  showed  compara¬ 
bly  active,  highly  resistant  to  deactivation  and  much 
cheaper. 

Perovskites  are  mixed  oxides  of  general  formula 
ABO3+3,  where  A  is  usually  a  lanthanide  ion  and  B  is 
a  transition  metal  ion.  Both  A  and  B  can  be  partially 
substituted,  leading  to  a  wide  variety  of  mixed  ox¬ 
ides  of  general  formula  A 1  -XA'X  B  i  _  VB' ,  03++  char¬ 
acterised  by  structural  and  electronic  defects,  owing  to 
their  non-stoichiometry,  indicated  by  the  <5  subscript 
in  the  formula.  For  full  oxidation  reactions,  such  as 
CFC,  cation  B  is  considered  responsible  for  catalytic 
activity  [1],  while  the  cation  A,  especially  when  par¬ 
tially  substituted  with  a  cation  A'  of  different  valence, 
governs  the  formation  of  crystal  lattice  vacancies  and 
can  stabilise  unusual  oxidation  states  for  B,  leading  to 
different  catalytic  performance  [1-3].  The  oxidation 
activity  of  perovskites  has  been  ascribed  to  their  ionic 
conductivity,  to  oxygen  mobility  within  their  lattice 
[2],  to  their  reducibility  and  to  their  oxygen  sorption 
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properties  [4],  Indeed,  two  possible  mechanisms,  a 
suprafacial  and  an  intrafacial  one,  were  proposed  since 
long  time  [5]  and  now  widely  accepted  for  oxidation 
reactions  over  these  catalysts.  The  former  mechanism 
rises  from  the  interaction  of  surface  oxygen  with  reac¬ 
tants  and  it  is  operative  at  low  temperature  (<400  °C). 
The  latter  is  effective  at  higher  temperature  (>400  °C) 
and  involves  a  Mars- Van  Krevelen  redox  cycle.  In  it, 
bulk  oxygen  migrates  towards  the  surface,  becoming 
available  for  the  oxidation  of  the  adsorbed  substrate 
and  it  is  quickly  replaced  by  oxygen  coming  from  the 
gaseous  phase.  The  mobility  of  O2-  ions  within  the 
crystalline  framework  determines  the  mechanism  of 
the  catalytic  reaction  [3], 

The  preparation  procedure  is  of  fundamental  impor¬ 
tance  to  determine  both  activity  and  durability  of  the 
catalyst.  Various  preparation  methods  can  be  found 
in  literature  [4-10],  but  high  surface  area  and  thermal 
resistance  to  sintering  are  not  easy  to  be  obtained 
simultaneously  by  those  procedures.  For  instance,  the 
traditional  calcination-milling  (CM)  route  for  prepar¬ 
ing  such  materials,  involving  several  CM  cycles  of  the 
precursor  powder  mixture,  ends  in  low  surface  area, 
coarse-size  particles  of  relatively  low  catalytic  ac¬ 
tivity.  Therefore,  several  techniques  were  developed, 
in  order  to  overcome  this  problem,  the  most  com¬ 
monly  used  being  the  so-called  sol-gel-citrate  (SGC) 
method  [8],  This  leads  to  catalysts  of  high  surface 
area  (up  to  50m2/g),  so  highly  active,  which,  how¬ 
ever,  rapidly  sinterise  under  the  usual  CFC  conditions, 
due  to  the  very  low  temperature  (<800  °C)  attained 
during  preparation.  A  solution  of  the  problem  can 
be  the  synthesis  of  highly  dispersed  nanometre-size 
powders,  obtainable  by  the  flame-hydrolysis  (FH) 
technique.  The  latter  was  successfully  applied  to  other 
materials,  particularly  to  silica  [11],  which  is  cur¬ 
rently  prepared  in  very  fine  particles  (e.g.  Aer-o-Sil, 
Cab-o-Sil  and  similar  trade  name  materials)  from 
SiCI4.  However,  to  our  knowledge,  the  FH  technique 
has  been  applied  so  far  to  oxides  or  to  oxide  mixtures, 
whose  metals  possess  at  least  one  volatile  precursor 
[12,13]. 

Recently,  [3,10]  we  presented  a  new  method  for 
the  preparation  of  perovskitic  mixed  oxides,  based  on 
FH  of  an  aqueous  solution  of  the  precursor  salts.  The 
method  succeeded  in  preparing  nanometre-size  parti¬ 
cles  of  high  surface  area,  by  extending  the  FH  tech¬ 
nique  to  a  multicomponent  aqueous  solution  of  the 


precursors,  hydrolysed  in  a  high-temperature  flame. 
A  series  of  high  surface  area  catalysts,  very  active 
for  the  CFC  of  methane,  were  obtained  [3,14],  In 
the  present  work,  the  study  was  further  extended  on 
Lao.9Ceo.iCoC>3±,5,  one  of  the  most  active  catalyst  for 
the  CFC  of  hydrocarbons.  The  aim  was  to  prepare 
this  active  phase  by  FH  and  to  support  it  on  commer¬ 
cial  cordierite  honeycomb,  so  to  obtain  a  catalyst  par¬ 
ticularly  suited  for  application  to  the  environmentally 
friendly  CFC  of  methane. 

2.  Experimental 

2.1.  Catalyst  preparation 

A  detailed  description  of  our  new  FH  procedure 
for  catalyst  preparation  can  be  found  elsewhere  [10]. 
Briefly,  the  precursor  salts  (acetates  or  nitrates),  in  the 
desired  ratios,  were  dissolved  in  10%  HNO3.  Citric 
acid  was  then  added  as  a  complexing  agent,  in  0.5:1 
molar  ratio  with  respect  to  the  sum  of  metal  salts. 
The  resulting  solution  was  nebulised  into  a  H?  +  O2 
flame.  The  perovskite  nanometric  particles  so  formed 
were  collected  by  means  of  a  lOkV  electrostatic 
precipitator.  The  estimated  temperature  of  perovskite 
formation  was  1600-1800  °C  and  the  residence  time 
of  the  reagents  in  the  hottest  zone  of  the  flame  was 
a  very  few  milliseconds.  For  the  preliminary  exper¬ 
iments  of  honeycomb-supporting,  a  sample  of  the 
same  composition  was  prepared  also  by  the  SGC 
technique. 

2.2.  Catalyst  characterisation 

BET  surface  area  and  porosity  were  determined 
by  means  of  a  Micromeritics  ASAP  2010  instrument. 
XRD  analysis  was  done  on  a  Philips  PW1820  powder 
diffractometer,  by  using  the  Ni-filtered  Cu  Ka  radia¬ 
tion  (X  —  0.15418  nm).  Solid  phases  were  identified 
by  comparison  of  XRD  patterns  with  literature  data 
[15],  Morphology  and  particle  size  were  determined 
by  means  of  a  Cambridge  Stereoscan  150  scan¬ 
ning  electron  microscope  (SEM).  The  composition 
of  every  sample  was  determined  by  X-ray  fluores¬ 
cence  (XRF),  on  a  Jordan- Valley  EX310  instrument, 
calibrated  by  analysing  oxide  mixtures  of  known 
composition. 
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2.3.  Catalytic  activity  tests 

The  bench-scale  continuous  apparatus  for  testing 
activity  for  the  CFC  of  methane  was  centred  on  a 
continuous,  downflow  quartz  reactor.  The  0.2  g  of  cat¬ 
alyst,  pressed  into  wafers,  then  ground  and  sieved 
to  0.15-0.25  mm  particles,  were  loaded,  after  dilu¬ 
tion  with  1 .3  g  of  quartz  of  the  same  particle  size. 
The  void  space  above  and  below  the  catalyst  bed  was 
filled  with  quartz  beads  (0.25-0.85  mm).  The  catalyst 
was  activated  by  flowing  20  cm3/min  of  air,  while  in¬ 
creasing  temperature  (10°C/min)  up  to  600  °C,  then 
kept  for  1  h.  After  cooling  in  flowing  air  down  to 
250  °C,  the  activity  tests  were  carried  out  by  feeding 
10cm3/min  of  a  mixture  of  1.04vol.%  CH4  in  He,  to¬ 
gether  with  10  cm3 /min  of  air,  while  increasing  tem¬ 
perature  (2  °C/min)  from  250  to  600  °C.  The  outlet 
gas  was  analysed  by  means  of  an  in-line  HWD  gas 
chromatograph  (HP  5890). 

2.4.  TPD-TPR-MS  analysis 

A  detailed  description  of  the  TPD-TPR-MS  ap¬ 
paratus  was  given  in  a  previous  paper  [16].  Briefly, 
the  catalyst  (0.8  g,  0.15-0.25  mm  particle  size)  was 
loaded  into  a  continuous  quartz  microreactor,  heated 
by  an  electric  furnace  controlled  by  an  Eurotherm  822 
TRC.  Prior  to  every  TPD  or  TPR  run,  the  catalyst  was 
heated  (10  °C/min)  up  to  800  °C  in  flowing  He  (purity 
>99.9999  vol.%). 

TPD  of  pre-adsorbed  oxygen  was  carried  out  in  He 
as  carrier  gas,  after  saturation  of  the  sample  in  flowing 
air  at  750  °C,  followed  by  cooling  down  to  50  °C.  Af¬ 
ter  switching  the  gas  flow  to  He,  the  catalyst  was  kept 
at  50  °C  for  10  min,  then  the  temperature  was  raised 
(10°C/min)  up  to  800  °C,  kept  for  10  min.  The  com¬ 
position  of  the  outlet  gas  was  monitored  by  means  of 
a  MKS  PPT  Residual  Gas  Analyser  quadrupolar  mass 
spectrometer  (QMS). 

A  further  TPD  experiment  was  carried  out  in  order 
to  check  the  possible  activation  of  the  substrate.  The 
catalyst  was  kept  for  4h  at  250  °C  in  a  stream  of  CH4 
(1.04 vol.%  in  He)  and  then  cooled  down  to  50  °C. 
The  TPD  run  was  then  carried  out  in  flowing  He  as 
described. 

Three  different  TPR-MS  experiments  were  per¬ 
formed,  through  either  continuous  or  pulsed  method. 
The  first  experiment  was  done  by  flowing  the  previ¬ 


ously  mentioned  reaction  gas  mixture  (10  cm3 /min  of 
1.04  vol.%  CH4  in  He  +  10cm3/min  of  air)  through 
the  reactor,  after  saturating  the  sample  in  air  as  de¬ 
scribed.  The  second  experiment  was  carried  out  by 
injecting  into  the  He  carrier  gas,  just  before  the  re¬ 
actor,  1.2  cm3  pulses  of  the  same  gas  mixture,  while 
running  the  same  previously  reported,  temperature 
programme.  The  third  experiment  was  made  by  feed¬ 
ing  continuously  the  1%  CH4  in  He  gas  mixture,  after 
pre-saturation  of  the  sample  in  air.  The  MS  species 
monitored  were  CH4  (m/z  =  15,  to  avoid  confusion 
with  the  m/z  =  16  fragment  of  O2),  H2O  ( m/z  = 
18),  N2  (m/z  =  14,  to  distinguish  it  from  CO),  O2 
C m/z  =  32),  C02  ( m/z  =  44),  and  CO  (m/z  =  28). 

2.5.  Honeycomb-supported  samples 

2.5.1.  Preparation 

The  perovskite  catalyst  was  supported  on  the 
honeycomb  by  dip-coating,  by  means  of  a  simple 
home-made  apparatus  [17],  allowing  to  dip  and  to  ex¬ 
tract  the  support,  at  the  desired  rate,  from  the  aqueous 
suspension  of  the  catalyst  powder.  Indeed,  the  amount 
of  material  deposited  onto  the  support  depends  on 
the  extracting  rate,  at  least  within  given  limits:  the 
higher  the  rate,  the  larger  is  the  amount  of  suspension 
adhering  to  the  honeycomb.  The  support  of  cylindri¬ 
cal  shape,  1  cm  in  diameter,  5  cm  long,  cut  from  a 
commercial  400  cpi  cordierite  honeycomb,  was  pre¬ 
calcined  at  500  °C  for  1.5  h  and  weighed.  Then  it  was 
suspended  by  a  thin  nylon  wire  (0.2  mm  in  diameter), 
dipped  into  the  suspension  (4wt.%  perovskite)  and 
then  extracted  at  a  rate  of  1 1  cm/min.  The  suspension 
was  prepared  by  milling  overnight  at  room  tempera¬ 
ture,  the  perovskitic  powder  in  4wt.%  aqueous  nitric 
acid  into  a  polypropylene  jar  with  zirconia  balls.  A 
very  homogeneous  suspension  was  obtained,  stable 
for  weeks.  A  preliminary  dip-coating  of  the  honey¬ 
comb  with  an  alumina  primer  was  needed,  in  order 
to  ensure  a  better  grafting  of  the  catalytic  material  to 
the  support.  The  suspension  of  primer  was  prepared 
similarly  by  milling  a  mixture  of  10wt.%  boehmite 
(Disperal  P2™,  kindly  supplied  by  Condea  Chemie) 
in  4wt.%  aqueous  nitric  acid.  After  coating  either 
with  the  primer  or  with  the  perovskite,  the  honey¬ 
comb  was  left  to  dry  at  room  temperature  for  1  h, 
calcined  at  500  °C  for  1.5  h  and  weighed  to  determine 
the  amount  of  coating  material. 


32 


L.  Form,  I.  Rossetti / Applied  Catalysis  B:  Environmental  38  (2002)  29—37 


2.5.2.  Catalytic  activity  testing 

The  previously  described  apparatus  was  employed, 
by  simply  substituting  the  quartz  reactor  with  an  In- 
coloy  800  reactor,  the  inner  diameter  of  which  just  fit¬ 
ted  the  external  diameter  of  the  honeycomb.  The  void 
space  above  and  below  the  honeycomb  was  filled  with 
the  same  0.25-0.85  mm  quartz  beads,  separated  from 
the  honeycomb  by  small  flocks  of  quartz  wool.  The 
same  catalyst  activation  and  testing  procedure  was  fol¬ 
lowed  (vide  supra). 

3.  Results  and  discussion 

Composition  and  particle  size  of  the  perovskite  sam¬ 
ples  obtained  by  the  FH  method,  can  be  controlled  by 
varying  four  main  parameters,  while  keeping  constant 
the  flow  rate  of  FF  and  O2  to  the  burner  and  the  size  of 
the  latter  and  of  the  nebuliser  nozzle  [10].  The  four  pa¬ 
rameters  are:  (a)  nature  of  the  precursor  salts;  (b)  con¬ 
centration  of  the  latter  in  the  aqueous  solution;  (c)  flow 
rate  (d)  humidity  degree  of  the  air  fed  to  the  nebuliser. 

The  nature  of  the  precursor  salts  may  hinder  the 
formation  of  a  clear  solution  of  the  desired  composi¬ 
tion  and  may  help  in  keeping  the  FH  to  a  sufficiently 
high  temperature.  This  is  the  reason  why  organic  an¬ 
ions,  such  as  acetates,  citrates,  etc.  have  been  pre¬ 
ferred  to  inorganic  ones,  such  as  nitrates,  chlorides, 
etc.  The  concentration  of  the  solution  governs  the  size 
of  the  perovskitic  particles  obtained.  The  higher  the 
flow  rate  of  the  air  fed  to  the  nebuliser,  the  higher  is 
the  production  rate  of  the  process,  but  the  lower  be¬ 
comes  the  flame  temperature  and  hence  the  degree  of 
crystallinity  of  the  perovskite.  Finally,  a  proper  degree 
of  humidity  of  the  air  sent  to  the  nebuliser  allows  to 
keep  the  concentration  of  precursors  solution  constant 
during  nebulisation,  so  keeping  the  particle  size  of  the 
product  constant  and  the  production  rate  of  the  pro¬ 
cess  constant. 

3.1.  Catalyst  characterisation 

XRD  analysis  (Fig.  1)  of  the  FH-prepared  sample 
confirmed  the  presence  of  a  perfectly  pure  and  crys¬ 
talline  perovskitic  phase  [15].  Its  BET  surface  area 
was  18  ±  1  m2/g.  This  value  falls  between  those  usu¬ 
ally  obtained  through  the  traditional  SGC  and  CM 
preparation  procedures,  but  it  can  be  considered  quite 


2e 

Fig.  1.  XRD  pattern  of  the  FH-prepared  Lao.9Ceo.iCo03±,$  per¬ 
ovskite. 

high,  when  taking  into  account  the  very  high  calci¬ 
nation  temperature  (over  1600  °C)  attained  dining  the 
FH.  The  compromise  between  high  surface  area  and 
high  calcination  temperature  is  made  possible  by  the 
formation  of  nano  particles.  Indeed,  SEM  analysis 
(Fig.  2)  showed  that  the  present  catalyst  consisted  of 
20-60  nm  spheroidal  particles,  usually  agglomerated 
into  100-500  nm  clusters.  By  decreasing  the  concen¬ 
tration  of  the  precursors’  solution,  and/or  the  diameter 
of  the  nebulisers’  nozzle,  a  further  decrease  of  particle 
size  can  be  obtained  [10],  so  increasing  the  catalyst 
surface  area.  However,  this  would  be  accompanied  by 
a  strong  decrease  of  process  productivity.  Therefore, 
a  compromise  also  had  to  be  reached  among  these  ex¬ 
perimental  parameters. 

Qualitative  XRF  analysis  excluded  the  presence  of 
any  extraneous  element.  Quantitative  analysis  con¬ 
firmed,  within  the  experimental  error  (±lwt.%),  a 
good  correspondence  between  actual  composition  and 
the  nominal  one,  calculated  from  the  weighed  amounts 
of  precursor  salts. 

3.2.  Catalytic  activity 

The  results  of  the  activity  test  on  the  catalyst  in 
powder  form  are  shown  in  Fig.  3.  The  values  of  7q, 
T50  and  7’ioo,  representing  the  temperature  of  light-off, 
of  half-transformation  and  of  complete  conversion  of 
methane,  were  <250,  438  and  560  °C,  respectively. 
The  catalyst  showed  a  relatively  low  activity  at  low 
temperature  (<400  °C),  to  be  attributed  to  a  relatively 
high  ionic  mobility  within  the  lattice.  Indeed,  it  is  well 
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Fig.  2.  Typical  SEM  micrograph  of  the  FH-prepared  Lao.9Ceo.iCo03±^  perovskite. 


known  [1,3]  that  when  oxygen  mobility  is  low,  the 
suprafacial  mechanism  is  usually  active,  while  a  high 
ionic  mobility  favours  the  participation  of  bulk  oxy¬ 
gen,  so  that  the  intrafacial  mechanism  (active  at  T  > 
400  °C)  is  preferred. 

A  life  test  was  also  carried  out  by  comparing  the 
performance  of  the  present  catalyst  with  that  of  a 
sample  of  the  same  composition,  but  prepared  by  the 
SGC  method.  After  attaining  the  temperature  '/’mo  of 
methane  complete  conversion,  the  reaction  was  con¬ 
tinued  by  keeping  temperature  at  the  '/’ioo  value  for 
at  least  100  h  on-stream.  The  FH-prepared  catalyst 
(Fig.  4)  proved  much  more  resistant,  by  keeping  100% 
methane  conversion  for  the  whole  duration  of  the 


T/°C 


Fig.  3.  Mol  %  conversion  of  methane  vs.  reaction  tempera¬ 
ture  under  standard  reaction  conditions  (see  text).  FH-prepared 
Lao.9Ceo.iCo03±«$  perovskite  in  powder  form. 


text,  while  the  SGC-prepared  sample  started  decaying 
rather  rapidly  after  less  than  40  h  on-stream.  .S’bht 
data,  collected  on  both  the  samples  before  and  after 
this  test,  confirmed  that  the  activity  decay  was  due  to 
the  progressive  sintering  of  the  catalyst.  Indeed,  the 
surface  area  of  the  SGC-prepared  sample  decreased 
at  a  rate  comparable  with  that  of  performance  decay, 
while  the  Sbet  °f  the  FH-prepared  catalyst  remained 
unchanged. 

3.3.  TPD-MS  analysis 

It  is  well  known  [9]  that  when  a  perovskite  is  heated 
in  inert  atmosphere  at  high  temperature,  oxygen 


0  20  40  60  80  100 

time  on  stream/h 


Fig.  4.  Life  test  for  the  catalyst  prepared  by  the  FH  (♦)  and  by 
the  SGC  ( I )  method. 
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vacancies  can  form.  By  cooling  in  air,  these  vacan¬ 
cies  are  filled  with  adsorbed  oxygen  and  the  charge 
compensation  is  provided  by  partial  oxidation  of  the 
metal  ion  B.  A  TPD  analysis  after  this  pre-treatment 
reveals  two  possible  desorption  peaks,  called  a  and  (3, 
widely  reported  in  literature  [1,3,7-9,18].  The  a  peak, 
attributed  to  the  desorption  of  oxygen  adsorbed  on  the 
catalyst  surface,  is  not  always  observable,  depending 
on  the  concentration  of  filled  oxygen  surface  vacan¬ 
cies.  In  particular,  its  onset  temperature  and  intensity 
depend  partially  on  the  nature  of  metal  B,  but  mainly 
on  the  substitution  degree  of  the  A  ion  with  a  cation 
of  different  valence  [3,7].  The  [3  peak,  characterised 
by  higher  onset  temperature,  depends  tightly  on  the 
nature  of  the  B  ion,  being  correlated  to  its  partial 
reduction  to  a  lower  oxidation  state  [7,9].  The  onset 
temperature  of  the  (3  peak  is  usually  very  near  to  that 
of  thermal  decomposition  of  the  pure  B  metal  oxide. 

The  catalyst  here  prepared  showed  a  TPD  pattern 
(Fig.  5)  with  a  modest  a  peak  around  330  °C,  while  the 
onset  temperature  of  the  [3  peak  was,  approximately 
650  °C.  Furthermore,  the  maximum  of  the  [3  desorp¬ 
tion  peak  was  not  attained  within  the  upper  tempera¬ 
ture  limit  (800  °C)  of  our  apparatus.  An  intense  a  peak 
indicates  a  high  concentration  of  oxygen  surface  va¬ 
cancies.  Hence,  one  may  conclude  that  the  present  cat¬ 
alyst  possesses  a  relatively  low  concentration  of  such 
vacancies.  On  the  other  hand,  the  presence  of  the  (3 
peak  and  the  value  of  its  onset  temperature  can  be  con¬ 
sidered  a  qualitative  index  of  catalyst  reducibility  and 
of  oxygen  mobility  within  the  bulk.  Both  these  param¬ 
eters  are  fundamental  to  describe  catalytic  activity.  In¬ 
deed,  according  to  the  intrafacial  mechanism  [5],  a  re- 


T/°C 

Fig.  5.  TPD-MS  spectra  of  oxygen  (m/z  =  32)  preadsorbed  onto 
the  FH-prepared  Lao.9Ceo.iCo03±,$  perovskite.  MS  signal  intensity 
in  a.u. 


dox  cycle  involving  metal  B  is  responsible,  both  of  the 
substrate  oxidation  and  of  the  reoxidation  of  the  metal, 
back  to  the  original  valence,  by  the  gaseous  O2  present 
in  the  reaction  atmosphere.  Therefore,  a  low  temper¬ 
ature  (3  peak  indicates  an  easy  reducibility  of  the  B 
metal  and  hence  an  enhanced  redox  property  of  the 
catalyst  and  a  quick  oxygen  transport  through  the  per- 
ovskitic  lattice.  Oxygen  mobility  is  tightly  connected 
with  the  concentration  of  oxygen  bulk  vacancies:  the 
higher  their  concentration,  the  lower  is  the  activa¬ 
tion  energy  for  oxygen  transport.  A  very  low  oxy¬ 
gen  mobility  was  observed  with  the  La-unsubstituted 
LaCo03±3  perovskite  [14],  while  an  ionic  conductiv¬ 
ity  increase  is  noticed  after  10%  Ce  substitution  for 
La.  It  may  be  concluded  that  the  present  catalyst,  char¬ 
acterised  by  the  presence  of  a  modest  a  peak,  is  pre¬ 
dominantly  active  through  the  intrafacial  mechanism. 

In  addition  to  these  O2  TPD  experiments,  we  also 
made  a  TPD  analysis  after  pre-adsorption  of  methane. 
No  m  /z  =  15  desorption  signal  was  observed,  indicat¬ 
ing  that  methane  did  not  adsorb  in  appreciable  amount. 
Hence,  one  may  conclude  that  catalytic  activity  was 
connected  with  oxygen  mobility,  rather  than  with  the 
direct  activation  of  the  substrate  to  be  oxidised. 

3.4.  TPR-MS  analysis 

The  results  of  the  pulsed  and  of  continuous 
TPR-MS  experiments,  carried  out  by  feeding  the 
mixture  of  CH4  (1.04%  in  He)  +  air,  matched  almost 
perfectly.  Both  the  suprafacial  and  the  intrafacial  re¬ 
action  mechanisms  have  also  been  observed  through 
these  experiments.  The  TPR-MS  experiments,  car¬ 
ried  out  by  feeding  only  CH4  after  O2  pre-adsorption, 
allowed  us  to  determine  the  possible  influence  of  the 
different  (a  and  (3)  oxygen  species  on  catalytic  ac¬ 
tivity.  The  catalyst  began  to  be  active  at  ca.  350  °C 
(Fig.  6)  and  conversion  attained  almost  100%  at  ca. 
750  °C.  Hence,  bulk  oxygen  only  seems  to  be  in¬ 
volved  in  the  reaction,  the  species  adsorbed  on  the 
surface  seeming  practically  uninvolved.  Very  likely,  a 
desorption  takes  place  at  a  very  low  temperature  to  be 
useful  for  the  reaction.  Indeed,  when  the  TPR  experi¬ 
ment  was  carried  out  by  feeding  CH4  +  air,  the  surface 
sites  set  free  after  a.  desorption  could  be  filled  by 
new  oxygen  species  coming  from  the  gaseous  phase 
and  readily  activated.  So,  when  the  onset  temperature 
for  the  reaction  was  reached,  activated  oxygen  was 
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Fig.  6.  Activity  for  methane  oxidation  of  the  FH-prepared 
Lao.9Ceo.iCo03±«5  perovskite,  as  monitored  by  TPR-MS 
(m/z  =  15).  MS  signal  intensity  in  a.u. 

available.  By  contrast,  in  the  absence  of  oxygen  in  the 
reaction  atmosphere,  the  light-off  temperature  was 
shifted  towards  higher  values,  i.e.  towards  the  onset 
temperature  of  oxygen  (3  desorption. 

3.5.  Honeycomb-supported  catalysts 

Some  preliminary  experiments  by  employing  the 
SGC -prepared  perovskite,  aimed  at  tuning  the  coating 
procedure.  These  experiments  allowed  to  define  the 
most  favourable  conditions  for  the  preparation  of  the 
coating  suspension  of  both  primer  and  perovskite  and 
for  the  dip-coating  procedure,  namely  concentration 
of  the  suspension  and  of  the  peptizing  agent,  dipping 
and  extracting  rate,  drying  and  calcination  tempera¬ 
ture.  In  addition,  they  showed  that  in  the  absence  of 
primer,  the  activity  per  unit  weight  of  perovskite  was 
by  ca.  30%  lower  for  the  honeycomb-supported  than 
for  the  unsupported  catalyst.  By  contrast,  in  the  pres¬ 
ence  of  primer,  the  unsupported  and  supported  sam¬ 
ples  performed  similarly.  Furthermore,  in  the  absence 
of  primer  and/or  for  excessive  loading  of  the  active 
phase,  the  grafting  of  the  latter  to  the  support  showed 
unacceptably  weak. 

Two  series  of  catalysts  were  then  prepared  with  the 
FH-made  perovskite,  with  different  loading  of  either 
primer  or  perovskite,  respectively,  aiming  at  defining 
the  best  loading  of  both  these  components.  The  com¬ 
position  of  these  samples  is  shown  in  Table  1.  Their 
activity  was  compared  under  identical  experimental 


Table  1 


Composition  of  the  honeycomb-supported  catalysts 


Sample 

Uncoated 
honeycomb 
weight  (g) 

Primer 

loading 

(wt.%) 

Perovskite 

loading 

(wt.%) 

1 

1.53 

5.8 

1.6 

2 

1.54 

4.6 

3.8 

3 

1.56 

5.1 

5.6 

4 

1.59 

2.4 

3.1 

5 

1.54 

4.6 

3.6 

6 

1.63 

7.4 

2.8 

conditions.  After  activation  of  the  catalyst  in  air  (vide 
supra)  the  activity  tests  were  carried  out  by  feeding 
a  gas  mixture  composed  of  50vol.%  of  air  and  50% 
of  1.04vol.%  CH4  in  He,  while  increasing  tempera¬ 
ture  (2  °C/min)  from  250  °C  up  to  600  °C.  Time  factor 
(r  =  perovskite  mass/gas  flow  rate)  was  kept  at  the 
same  value  for  all  of  the  runs,  by  adapting  the  overall 
gas  flow  rate  to  the  amount  of  perovskite  present  in  the 
honeycomb  under  test.  This  has  been  done  in  order  to 
stress  the  effect  of  the  loading  of  primer  and  of  active 
phase  on  the  specific  activity  of  the  perovskite,  i.e.  on 
the  activity  referred  to  unit  weight  of  active  phase. 

Some  preliminary  tests  confirmed  the  effect  of 
primer  reported  for  the  SGC-prepared,  honeycomb- 
supported  perovskite  (vide  supra).  Indeed,  in  the 
absence  of  primer  activity  of  supported  perovskite 
showed  lower  than  that  of  the  unsupported  sample, 
while  in  the  presence  of  primer  supported  and  unsup¬ 
ported  perovskites  performed  comparably. 

The  activity  data  for  the  two  series  of  Table  1  sam¬ 
ples  are  collected  in  Figs.  7  and  8.  To,  T$ 0  and  T\ 00 
appear  affected  by  loading,  though  to  a  different  ex¬ 
tent.  Indeed,  the  effect  of  primer  (Fig.  7)  seems  to 
level  off  or  even  to  worsen  activity  for  >5  wt.%  load¬ 
ing.  This  means  that  such  a  loading  should  correspond 
to  some  saturation  of  the  support  surface  by  the  alu¬ 
mina  primer.  By  contrast.  To,  Z50  and  7) 00  steadily 
decrease  with  increasing  the  loading  of  perovskite 
(Fig.  8),  showing  that  activity  increases  with  increas¬ 
ing  loading.  This  means  that  the  investigated  upper 
limit  of  loading  lies  below  the  saturation  of  the  sup¬ 
port  surface  by  the  active  phase.  However,  since  higher 
loading  of  the  latter  led  to  lower  grafting  strength  of 
the  perovskitic  coating,  a  value  around  6  wt.%  should 
correspond  to  a  good  compromise  between  these  two 
contrasting  needs. 
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Primer  loading/wt  % 

Fig.  7.  Trend  of  (♦)  To,  (I)  T50  and  (A)  Tioo  for  methane  CFC 
vs.  loading  of  primer  on  the  honeycomb  at  constant  perovskite 
loading  (catalysts  4-6,  Table  1). 


Perovskite  loading  /  wt  % 

Fig.  8.  Trend  of  (♦)  To.  ( I.)  T^o  and  (A)  7]  no  for  methane  CFC 
vs.  loading  of  perovskite  on  the  honeycomb  at  constant  primer 
loading  (catalysts  1-3,  Table  1). 


At  last,  a  life  test  on  sample  no.  3  (Table  1),  car¬ 
ried  out  for  over  llOh  on-stream  at  its  '/’mo  value  of 
575  °C,  confirmed  the  very  good  activity,  stability  and 
resistance  of  the  present  best  catalyst,  at  least  within 
the  time  limit  of  our  durability  run. 


4.  Conclusions 

Our  FH  preparation  method  led  to  a  La-Ce-Co- 
based  perovskitic  active  phase  characterised  by  high 
crystallinity,  high  surface  area  and  high  activity  for 
the  CFC  of  methane,  as  well  as  by  high  thermal 
resistance. 


In  this  cobaltite,  the  partial  substitution  of  Ce  for 
La  led  to  a  low  suprafacial,  lower  temperature  activity, 
confirmed  by  the  presence  of  a  weak  oxygen  a  des¬ 
orption  peak,  and  to  a  high  oxygen  mobility,  leading 
to  a  high  intrafacial,  higher-temperature  activity.  Fur¬ 
thermore,  no  appreciable  adsorption  of  methane  was 
observed,  indicating  that  catalytic  activity  is  connected 
essentially  with  bulk  oxygen  mobility,  rather  than  to 
direct  activation  of  the  hydrocarbon. 

The  best  conditions  have  been  defined  for  support¬ 
ing  the  so  prepared  active  phase  on  cordieritic  honey¬ 
comb,  by  dip-coating  after  deposition  of  an  alumina 
primer.  A  promising  highly  active  and  durable  catalyst 
was  so  obtained,  useful  for  practical  application  in  the 
environmentally  friendly  catalytic  flameless  combus¬ 
tion  of  methane. 
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